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I.  INTRODUr>TION: 


Research  conducted  during  the  past  contract  period  has  involved  an  exten¬ 
sion  of  an  investigation  of  th»i  physiological  effects  of  exposure  of  Dutch 
rabbits  to  electromagnetic  pulse  (EMP)  fields  and  the  development  of  ^  vitro 
biological  model  systems  to  Investigate  the  physico-chemical  effects  of  transient 
electrical  and  electromagnetic  fields.  Physiological  studies  performed  during 
this  period  have  included;  1)  a  continuation  of  a  study  of  the  effect  of  EIIP 
exposure  on  sodium  pentobarbital- induced  sleeping  time  in  the  Dutch  rabbit 
which  was  initiated  during  the  previous  contract  year;  2)  investigation  of 
E>fP  and  heat  stress  effects  on  rabbit  serum  chemistry;  3)  elec tromagnetic 
pulse  effects  on  serum  triglyceride  levels  and,  A)  alterations  in  creatine 
phosphokinase  (CPK)  isoenzyme  levels  Induced  by  EIIP  and  nonradiation  heat- 
stress  exposures.  Model  systems  used  to  investigate  the  mechanisms  of 
interaction  of  transieuL  electric  and  electromagnetic  fields  included  arti¬ 
ficial  bilayer  lipid  raembranos  and  maimralian  erytbrocyccs.  The  dependent 
variables  for  the  ^  vitro  studies  included  dielectric  breakdown  and  po¬ 
tassium  and  hemoglobin  membrane  permeabilities.  The  independent  variables 
were  voltage  field  strength,  pulse  duration,  and  exposure  duration.  Analysis 
of  data  from  the  in  vitro  studios  has  led  to  the  formulation  of  a  preliminary 
theoretical  model  for  voltage-induced  transient  alterations  in  cell  membrane 
permeability. 

II.  IN  VITO  STUDIES  OF  EMP  EFFECTS  IN  THE  DUTCH  RABBIT; 

The  almost  total  lack  of  data  regarding  the  biological  effects  of  exposure 


to  EMP  fields  dictated  the  need  to  screen  for  various  types  of  physiological 
alterations  in  mammalian  systems.  The  Dutch  rabbit  was  chosen  for  this  study 
based  on  the  availability  of  extensive  data  on  the  response  of  this  species  to 


Kjicrowavc  radiacio.i.  The?  rer^ults  of  E>!?  exposure  nay  be  qualitatively  and 
quantitatively  compared  to  the  effects  of  r.icrowave  expos uro>  thus  providin^^ 
a  iasis  for  ar.  evaluation  of  the  relative  biological  effects  of  these  radiation 

I 

tyres.  7he  rabbit  is  also  a  practical  choice  for  this  study  since  tha  total 
blood  volume  of  this  species  is  large  enough  to  pennit  serial  serum  samples 
tr  be  drawn  for  serum  chemistry  and  enzyme  dc? terminations. 

Effect  of  E>!?  Exposure  on  Drug- induced  Sleeping  Time. 

In  previous  studies  of  the  effects  of  2,45  and  1.7  CHz  microv>?ave  exposure 
ve  have  detected  significant  decreases  in  the  moan  duration  of  sodium  pen to- 
harhiral-induced  sleeping  time  in  the  Dutch  rabbit  exposed  to  radiation  intensities 

2  — V 

of  frrti  5  to  50  t:W/c::“  (1).  In  contr^ist  to  these  findings,  the  initial  studies 

of  the  effects  of  Zbf?  exposure  at  1.9  KV/cm  and  24  Hz  or  1.4  KV/cm  and  10  Hr 

iniicrted  no  decrease-  in  the  durati03j  of  sodium  pentobarbital  sleeping  ti:'e  in  ! 

the  ri-bbit.  In  ie^t,  the  data  suggested  the  possibility  of  an  increase  in  | 

1 

sleeping  time,  as  £  result  of  exposure  to  the  10  Hz  KMP  fields  (2).  In  order 
to  obtain  more  cefinitfve  data  on  this  response  variable?,  additional  sleeping 
time  experiments  vert  conducted  during  this  reporting  period.  The  techniques 
used,  which  have  been  previously  described  in  detail  (1,2),  consisted  of  detcrr.iiiing 
the  mean  duration  ci  sleeping  (i.e.  duration  of  the  loss  of  the  righting  reflex  ) 
in  animals  anesthetized  with  22  mg/kg  of  sodi.um  pentobarbital  by  intravenom; 
injection  into  the  marginal  ear  vein,  followed  by  o.ltbor  sham  irradiation  or  exposure 
to  an  ”>'?  field  of  0.9  KV/cm  at  a  pulse  repetition  rate  (PKK)  of  10  }Iz,  Due  to  il.e 
operating  characteristics  of  the  EM?  simulator,  it  was  not  possible  to  duplicate 
the  1.4  KV/cm,  10  Hz  exposure  conditions. 

The  results  of  sham  or  EMP  exposure  under  these  conditions  are  {mnmarlzed  in 
Table  1.  The  moan  sleeping  time  and  standard  error  of  the  mean  for  five  Dutch 
rabbits  exposed  to  the  Ei**fP  field  were  63  +  9.9  min.  The  corresponding  values  for 
the  sham-exposed . cont rol  group  were  62,4+6.7  min.  These  data 


TABLE  1 


Effect  of  Electromagnetic  Pulse  Exposure  on 
Sodium  Pentobarbital  Induced  Sleeping  Time  in 
the  Dutch  Rabbit.  Pulser  Voltage  0. 9kV/cmj Pulse 
Repetition  Rate  10  Hz. 


Sham  Irradiated  Controls 


EMP  Exposed 


Sleeping  Time 
(min) 


Rectal  Temp. 
Change  (hT^C) 


Sleeping  Time 
_ (min) 


Rectal  Temp. 
Change  (AT^C) 


55 

-1.8 

44 

-1.0 

53 

-0.6 

101 

-0.9 

52 

-1.6 

51 

-0.9 

64 

-0.9 

59 

-0.3 

88 

-0.1 

60 

-0.6 

Sample  mean 

62.4 

-1.00 

63.0 

-0.74 

Std.  dev. 

15.08 

0.70 

22.21 

0.29 

Std.  error 

6.73 

0.31 

9.92 

0.13 

do  not,  therefore, provide  any  evidence  of  an  alteration  in  sleeping  time 
resulting  from  EMP  exposure.  This  result  is  not  inconsistent  with  the  results 
obtained  in  studies  of  the  effects  of  microwave  exposure  on  sleeping  time. 

The  statistically  significant  reduct  ion  in  the  mean  duration  of  pentobarbital 
sleeping  time  consequent  to  microwave  exposure  is  assumed  to  be  an  indirect  effect 
of  low-level  microwave-lnducod  thermal  stress,  leading  to  redistribution  of 
the  drug  from  the  brain  to  other  body  compartments  due  to  increased  circulation. 

The  reduction  in  sleeping  time  in  animals  exposed  to  microwave  radiation  was, 
in  general,  correlated  with  an  increase  in  rectal  temperature,  thus  suggesting 
the  involvement  of  thermal  stress.  In  the  case  of  E^^P  exposure,  the  mean  and  standard 
error  of  the  mean  rectal  temperature  were  -0.84  +  0.13^C  for  the  exposed  animals 
and  “1.00  +  0.31^C  for  sham  irradiated  controls.  Thus,  there  was  no  evidence 
of  thermal  stress  from  Fl-IP  exposure  of  the  type  employed  in  this  study.  If 
the  observed  reduction  of  sleeping  tine  following  microv7ave  exposure  is  due 
to  themal^y stimulated  drug  redistribution,  it  is  not  surprising  that  EMP 
exposure  did  not  detect ably  alter  this  response  variable. 

Effect  of  EMP  on  Rabbit  Sexrura  Chemistry: 


In  view  of  the  fact  that  physiological  stresses  of  various  kinds  arc  knewn 
to  result  In  alterations  In  serum  components,  a  study  was  undertaken  of  the 
effects  of  acute  exposure  of  Dutch  rabbits  to  EJIP  fields  on  the  following  serun 
components:  calcium,  inorganic  phosphate,  glucose,  blood  nitrogen  (BI’N),  uric 
acid,  cholesterol,  total  protein,  albumin,  total  bilirubin,  alkaline  phosphatase, 
lactic  dehydrogenase  (LDH) ,  and  serum  glutamic  oxalacetic  transaminase  (SCOT)* 
'Previous  studies  revealed  that  stress  induced  by  exposure  of  rabbits  to  1.7 
and  2.45  GHz  microwave  radiation  at  intensities  of  10  mW/cra^  or  greater  result¬ 
ed  in  transient  alterations  in  the  serum  components:  glucose,  BUN,  uric  acid, 
bilirubin,  and  various  serum  enzymes  (3,4).  These  results  and  data  on  the 


> 


thermal  response  of  rabbits  to  microwaves  suggest  that  such  exposure  may  alter 

serum  components  as  an  indirect  effect  of  low-level  thermal  stress,  although 

other  mechanisms  of  interaction  cannot  be  ruled  out  at  this  time.  In  view 

of  the  purported  effect  of  thermal  stress  on  rabbit  serum  chemistry  alterations, 

it  was  decided  that  nonradiation  heat  stress  would  be  used  as  a  comparison 
stress  for  EMP  exposure  effects.  Dutch  rabbits  were  exposed  to  an  ambient  tem¬ 
perature  of  40^C  for  2  hr,  the  same  duration  as  the  EMP  exposure,  and  pre- 
and  post-exposure  samples  were  analyzed  and  compared  to  samples  obtained  from 
EMP  exposed  animals. 

The  procedure  used  for  the  investigation  of  EMP  radiation  effects  on 
serum  chemistry  consisted  of  obtaining  pre-exposure  baseline  serum  samples 
from  a  group  of  10  Dutch  rabbits  10  days  prior  to  exposure.  Following  the 
measurement  of  rectal  temperatures,  single  animals  were  exposed  for  2  hrs.  to 
the  EMP  field.  During  exposure  the  animals  were  confined  to  the  central  region 
of  the  EMP  simulator  by  the  use  of  2"  thick  styrofoam  blocks  with  ample  pro-- 
vision  being  made  for  free  circulation  of  air  during  exposure.  Although  the 
animal  was  restrained  to  this  area,  there  was  ample  room  for  the  animal  to  move 
about  within  the  exposure  chamber.  The  exposures  were  performed  using  the  EliP 
simulator  at  the  Electromagnetic  Radiation-  Bio  Effects  Laboratory  at  the  Naval 
Surface  Weapons  Laboratory,  Dahlgren,  Virginia.  The  staff  of  the  Electromagnetic 
Radiation-Bio  Effects  Laboratory  is  hereby  acknowledged  for  their  aid  In  per¬ 
forming  this  phase  of  the  study  and  for  the  use  of  their  facilities. 

A  detailed  description  of  the  EMP  simulator  has  been  previously  given  (2). 

The  exposure  conditions  for  the  study  of  serum  chemistry  changes  were  a  field 
strength  of  1.5  KV/cm,  pulse  repetition  rate  of  38  jh  2  Hz,  and  an  exposure  duration 
of  2  hrs.  The  total  number  of  pulses  to  which  the  animal  was  exposed  was 
2.73  X  10^  -f  1,44  X  10^.  The  variation  in  the  pulse  repetition  rate  of  the 
EMP  simulator  was  due  to  the  operating  characteristics  of  the  ’’free-running**  spark 
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TABLE  2  EFFECT  OF  EMP  EXPOSURE  AND  HEAT  STRESS  ON  SERUM  CHEMISTRY  OF  DUTCH  RABBITS 
RESPONSE  VARIABLE  (MEAN  +  STAMDARD  ERROR  OF  MEAN) 


gap  u=?c^ 


tc  trigger  the  pulsar.  Tha  sir.ulator  pulse  may  be  described  as  a 
exr rr.ur.zially  decaying  cosine  wave,  the  amplitude  of  wliich  decreases  to  one- 

hal:  marcimun  vcltage  in  4  cycles.  The  characteristic  frequency  of  the  EMP 

1 

Simula: or  is  23-5  MHz  and  the  simulator  pulse  duration  is  thus  approximately 
0.4  ysec.  The  rise  time  of  the  pulse  is  less  than  0.1  p  sec.  AH  exposures 
v=re  at  normal  room  temperature  (22  +  l^C) . 

IrimediaLely  following  exposuru^tho  recta]  temperature  was  determined  and 
a  5  nl  blood  sample  was  obtained  from  the  marginal  car  vein  of  the  experinen tal 
animal.  In  an  attempt  to  detect  exposure  effects  with  longer  latencies,  another 
blood  sample  was  taV.cn  24  hours  post  EMP  cxposui'e.  Slianr-ir  rad  rated  control 
animals  were  treated  identically^  except  that  the  pulser  was  not  energized  during 
the  2  hr  sham,  exposure.  Serum  chemistry  analyse 5;  were  performed  by 
the  use  of  an  5>L-.  12/60  autoanalyzer .  The  5iamp]lng  procedure  for  the  investi¬ 
gation  of  the  eiferOt  nonradiation  heat  stress  was  as  previously  described, 

in  this  case,  the  animals  were  exposed  singly  for  tv/o  hours  to  an  ambient 
temperature  of  40^C  in  an  environmental  chamber. 

The  results  of  EMP  and  nonradiation  heat  stress  exposure  on  ralibit  serum  com¬ 
ponents  are  sumnarized  in  Table  2.  No  statistically  significant  alterations 
in  the  serum  chemistry  of  Dutch  rabbits  were  detected  as  a  result  of  EM?  exposure. 
Although  the  levels  of  certain  resj^onsc  variables  sucVi  a.s  the  enzyi-'tos  alkaline 
phosphatase  and  SGOT  appear  to  have  been  elevated  in  l  lie  immediate  post  exposure 
sr.r.p’cs,  the  variability  of  the  data  is  such  tliat  no  statistical  si gni f i.eanre 
can  be  attached  to  these  findings.  It  should  be  noted  that  the  levels  of 
alkaline  phosphatase,  EDH,  and  SCOT  were  increased  as  a  result  of  ncniradiation 
heat  stress,  whereas  no  significant  alterations  in  other  scrum  components  were 
detected  except  for  an  increase  in  calcium,  inevonsed  levels  of  serum  enzymes 


are  generally  attributed  to  cell  death  or  to  alterations  in  cell  membrane 


permeability, 

^  It  may  be  concluded  that  the  EMP  exposure  under  the  condition  of  this  experi- 
(  ment  did  not  result  in  significant  alterations  in  serum  components  compared  to 
1  sham  irradiated  controls.  Exposure  to  EMP  radiation  for  2  hrs  resulted  in  a 
15%  increase  in  serum  alkaline*  phosphatase,  whereas  heat  stress  for  the  same 
duration  caused  a  25%  increase.  The  levels  of  SCOT  were  increased  by  53%  foJlowrng 
EMP  exposure  as  compared  to  a  45%  increase  following  heat  stress.  Nonrad ia Lion 
heat  stress  led  to  a  22%  increase  in  LDH  in  contrast  to  a  2%  decrease  in  the 
EMP  exposed  animals.  Themeanand  standard  error  of  the  mean  rectal  temperature 
change  were  0. 28  +  0.21^C  for  the  EMP  exposed  animals  and  0.10  +  0.26°C  for  the 
sham  irradiated  controls.  Exposure  to  an  ambient  temperature  of  40*^C  produced 
a  mean  rectal  temperature  elevation  of  2.1  +  0.4^C. 

The  significance  cZ  these  basically  negative  findiugs  is  limited  by  the 
small  sample  nizi,  s  employed  which,  in  view  of  the  inherent  inter-  and  intra- 
animal  variability  in  serum  components,  reduces  the  sensitivity  of  this  study. 
Additional  serum  chemistry,  studies,  especially  of  enzyme  levels,  in  which 
larger  sample  size^^  are  used  are  needed  to  evaluate  the  effects  of  EMP  exposure. 

Serum  Triglyceride  St’^iy 

The  effects  of  acute  stress  on  the  mammalian  system  produces  a  ^generalized 
response  mediated  by  the  neuroendocrine  system.  One  reported  consequence  of 
this  stress  response  is  the  activation  of  the  pituitary  gland  leading  to 
the  release  of  growth  hormone  which  in  turn  causes  an  inhibition  of  cellular 
glucose  uptake  leading  to  increased  serum  glucose^  Growth  hormone  also 
causes  the  release  of  free  fatty  acids  from  tissue  storage  deposits  resulting 
in  elevations  of  serum  triglycerides.  We  have  determined  that  low-level  mi¬ 
crowave  exposure  results  in  elevations  In  both  serum  glucose  and  triglycerides. 
Consequently  we  have  invest igntod  the  effects  of  EMP  exposure  on  these 

response  variables.  The  results  of  the  serum  glucose  study  were  indicated 


in  Table  2,  No  increase  in  serur.  gluc.oje  was  detected  in  animals  exposed  to  EMP 


for  2  hr  periods  as  described  in  the  previous  section  of  this  report*  Serum 


triply ride  levels  were  det'err:.inea  in  a  group  of  6  Dutch  rabbits  immediately 


■cllevlr.p  a  2  hr  exposure  to  E>[?  radiation  using  the  same  exposure  parameters 


as  described  in  the  preceding  section.  The  mean  and  standard  error  of  the  mean 


serum  triglyceride  level  were  38,3  +  4.1  mg/dl  as  compared  to  a  man  level  of 


-l-l  -r  5.9  obtained  from  a  samole  of  5  sham  irradiated  rabbits.  There  was 


thus  no  evidence  that  EMP  exposui'e  of  the  type  einploved  in  thivS  study  allered 


serum  triglvceride  levels. 


Effect  of  EMP  and  Heat  Stress  on  CPK  Isoenzymes 


Creatine  phosp:'iOkinase >  an  enzyme  vdiich  catalyzes  the  conversion  of  creatine 


phosphate  to  creatine,  resulting  in  the  synthesis  of  ATP,  exists  as  three 


distinct  isoenn\r:es  in  body  tifisnes.  Tlie  MM  isoenzyme  is  found  primarily  in 


skeletal  muscle,  M3  is  located  in  heart  muscle,  and  the  BB  isoenzyme  is 


associated  with  brain  tissue.  Cell  death  or  increased  cell  mombraues  perreability 


is  thought  to  account  for  increased  levels  of  these  enzymes  in  the  serum. 


Analysis  of  CPE  isoenzyme  levels  thus  provides  a  means  of  detecting  tissue- 


specific  effects  of  physiological  stress  svich  as  that  induced  by  EMP  radiation 


exposure.  C?K  isoenzyi?.e  levels  were  determined  by  tlie  method  described  by 


Neaicn  and  Henderson  (5) .  The  procedures  used  for  the  exposure  of  Dutch 


rabbits  to  EMP  radiation  were  as  previously  described.  Serum  samples  were  taker* 


irriediatel>  upon  cessation  of  EMP  exposure  and  at  24  hrs  post  exposure.  For 


purposes  of  comparison  of  E>!P  effects  witli  a  well  known  physiological  stress, 


a  group  of  rabbits  was  exposed  for  2  hrs.  to  nonradiation  heat  stress  in  an 


environmental  chamber  maintained  at  40  C.  The  mean  rectal  temperature  change  in  the 


heat  strc.sscd  nnlmnlr.  was  2.1  0.4®C. 


Creatine  phosphoklnnsc  isoenzyme  concentrations  .arc  affected  by  storage 


time  belv7e(n  .sampling  and  analyst?,  ns  well  as  by  the  age  and  geiieral  nuM.abolic  j;tatns 
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of  the  experiMCMtal  animals.  For  these  reasons  and  due  also  to  limitations 
on  the  availability  of  the  EMP  exposure  facility  and  animal  holding 
facilities,  CPK  isoenzyme  studies  were  conducted  with  three  groups  of  experi¬ 
mental  animals  at  three  different  times  during  the  contract  year.  Due  to  the 
aforementioned  sampling  problems  it  is  not  feasible  to  pool  the  results  of 
these  experiments,  consequently  the  results  are  analyzed  in  each  case  by 
comparing  the  EMP  exposed  group  values  with  the  sham-exposed  group  values 
obtained  at  the  same  time  (ie.  within  the  same  period  of  experimentation). 

The  effects  of  exposure  to  tVie  EMP  field  and  nonradiation  heat  stress  on 
CPK  isoenzyme  levels  are  summarized  in  Table  3  and  the  statistical  analysis 
of  these  data,  using  the  Student's  t  test  is  presented  in  Table  A.  Exposure 
to  either  heat  stress  or  EMP  radiation,  in  all  cases,  led  to  an  increase  in 
the  serum  levels  of  total  CPK  isoenz^^mes  and  in  each  separate  isoenz^-me 
fraction  as  shown  in  Figure  1.  A  mean  isoenzyme  elevation  of  65%  occurred 
for  the  MB  fraction  of  EMP  exposed  aninals  whereas  heat  stress  produced  a 
maximum  elevation  of  95%  in  the  MM  fraction.  Statistical  analysis  of  the  data 
obtained  from  individual  experiments  revealed,  however,  that  with  the  exception 
of  the  elevation  in  the  MB  fraction  for  the  EOT  exposed  group  8  compared  to 
its  control  group  (ic.  group  7),  the  differences  were  not  statistically  signi¬ 
ficant  at  the  5%  level.  This  may  be  attributed  to  the  inherent  inter-animal 
variability  in  CPK  isoenzyme  levels  and  to  the  relatively  small  sample  sizes 
employed.  Exposure  to  nonradiation  heat  stress  resulted  in  elevations  in  all 
CPK  isoenzyme  levels  which  again  were  not  statistically  significant  at  the  5% 
level.  The  overall  significance  of  the  consistent  increase  in  CPK  isoenzyme 
levels  following  EMP  exposure  may  alternatively  be  evaluated  by  use  of  the 
binomial  or  sign  test  applied  to  the  twelve  independent  determinations  of  CPK 
isoenzyme  levels  (ie  3  enzyme  fractions  in  4  separate  experiments;  excluding 
the  total  CPK  values  which,  being  a  sum  of  the  MM,  MB,  and  BB  fractions,  are  not 
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TABLE  3  EFFECT  OF  E^^P  EXPOSURE  AND  HEAT  STRESS  ON  CPK  ISOENZYMES 


TABLE  3  EFFECT  OF  EMP  EXPOSURE  AND  HEAT  STRESS  ON  CPX  ISOENZYMES 


TABLE  4  STATISTICAL  ANALYSIS  OF  CPK  ISOENZYME  DATA:  £!■!?  AND  KEAT  STRESS 


orN?YMr.  /YVFJ.S  /-TO  FMP  FYPnFrn  rarritf 


in(!ep::r.£c*nt  risa'ures  of  enzy:r.e  concentrat ion) .  The  probability  of  the  CPK 
en2“i  ''cvel  being  greater  in  all  twelve  deterninations  following  EMP  e>:posure 
if,  in  fact  there  is  no  treatment  effect  (ie.  the  probability  that  the  enzyme 

I 

levels  folloving  EMP  exposure,  on  any  trial,  exceeds  the  control  value  is 

equal  to  the  probability  that  the  control  value  exceeds  the  EMP  value;  both 
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probabilities  being  equal  to  1/2)  is  (1/2)  =  0.0002A,  The  coiubined  results 

of  the  CPK  isoenzyme  cet eminations  from  the  4  experiments  thus  siiggc!st  that 
exposure  to  El[?  fields  results,  in  a  consistent  and  statistically  significant 
(p  <  0.01)  increase  in  enzyme  levels.  The  response  patterns  of  the  CPK  isoenzy 
do  not  indicate  any  obvious  tissue  .specific  effects  of  EMP  exposure  although 
there  is  sorae  sue ge.st ion  of  heightened  sensitivity  of  cardiac  muscle.  Addition 
fata  is  required  to  substantiate  these  findings. 

Ill  IN  VITRO  SIUDIIS  0?  PULSED  ELECTRICAL  FIELDS 

The  complexity  of  n-'^nalian  systems  and  the  limitations  imposed  on  tlie 
exposure  facilities  capable  of  providing  the  desired  range  of  field  strengths, 
pulse  durations  and  pulse  repetition  rates,  provides  the  rational  for  investi¬ 
gations  of  pulsed  electrical  field  effects  in  biological  model  systems.  We 
have  therefore  initiated  an  investigation  of  the  effects  of  pulsed  field.s  on 
artificial  bilayer  lipid  membranes  and  mammalian  erythrocytes.  The  lipid 
bilayers  are  the  most  elementary  model  systems  availrihle  and  sinc'e  such 
systems  closely  simulate  biological  membranes  in  many  of  their  properties,  they 
offt?r  a  means  for  investigating  basic  vncrhanisMS  of  interaction  cjf  membranes 
with  electrical  fields.  In  recognition,  however,  of  the  differences  in  the 
physical  properties  of  artificial  and  biological  membranes  there  are  limitation! 
on  the  usefulness  of  artificial  bilayers  for  the  interpretation  of  pulsed 
field  effects  in  more  highly  organized  biological  systems.  For  this  reason 


mamninlian  erythrocytes  have  also  been  used  as  a  cell  model  system.  Erythrocytes 
offer  the  advantages  of  being  a  relatively  simplified  cell  model  that  can 
potentially  provide  information  or  both  basic  interaction  mechanisms  as  well  as 
data  of  direct  physiological  relevance  in  the  evaluation  of  the  effects  of  EMP 
radiation  on  maminalian  systems.  The  somewhat  limited  data  on  the  in  vivo 
effects  of  EtIP  exposure  of  the  Dutch  rabbit  obtained  in  this  investigation  suggest 
that  such  exposure  alters  cell  membrane  permeability  as  reflected  in  the  release 
of  intracellular  enzj'mes.  This  finding  indicates  the  need  for  an  investigation' 
of  pulsed  field  effects  on  membranes,  with  special  emphasis  being  directed  toward 
the  mechanisms  for  the  alteration  of  cell  membrane  pemeability. 

Due  to  differences  in  the  modes  of  coupling  of  pulsed  electrical  fields  to 
biological  systems  under  different  exposure  conditions ^it  is  necessary  to  con-* 
sider  effects  of  both  inductive  and  conductive  fields.  In  recognition  of  the 
differences  in  the  magnitude  of  such  coupling,  it  is  evident  that  significantly 
larger  external  field  strengths  are  required  in  the  case  of  inductive  field 
interactions  than  conductive  interactions  to  induce  a  given  field  strength  in  a 
model  system  such  as  a  cell  membrane.  Preliminary  theoretical  and  experimental 
studies  have  thus  been  undertaken  of  both  inductive  and  conductive  field  exposures 
in  an  attempt  to  establish  the  conditions  under  which  each  type  of  field  alters 
biological  systenr.  Since  the  basic  interaction  mechanisms  at  the  membrane 
level  should  be  dependent  only  upon  the  field  characteristics  at  the  mer4brane, 
the  results  of  experiments  with  conductive  or  inductive  fields  should  be  directly 
relateable,  even  though  the  external  field  parameters  differ.  Limitations  on 
the  presently  available  apparatus  for  the  exposure  of  model  systems  to  Inductive 
or  capacitive  fields  in  our  laboratory  have  precluded  a  direct  comparison  of 
such  fields  with  conductive  fields.  The  preliminary  Inductive  field  exposure 
of  erythrocytes  reported  here  were  at  both  lower  field  strengths  and  shorter 
pulse  durations  than  the  conductive  field  exposures.  Experiments  wore  also 
Ittltlated  to  deteralne  the  effect  of  the  transient  voltage  waveform  on  cell 


perrit^arility  by  the  ur.e  of  v'jlt?.nc  rquare  wavvs  and  exponentially  decaying 
i 

pulscs.  the  available  sr/anre  wave  pulse  generating  equipnient  did  net 

pr:viie  sufficient  voltage  cetput  to  provide  a  direct  comparison  of  waveform 
erreccs.  The  future  availabiiicy  of  sue])  equipment  would  permit  a  direct  coev 
parison  of  both  inductive  arjf  conductive  field  effects  as  well  as  vMveforr.i  cor.i- 
t  r.risons. 

In  order  to  provide  a  comparison  of  pulsed  electric  or  electromagnetic  fields 
with  a  more  widely  studied  and  somewhat  better  characterised  form  of  nonionizing 
radiation,  e r y t hr o c y r  a  suspension  were  exp o s c d  to  2 .  5  Cll z  mi  c r o wa v e s  in  a 
waveguide  irradiation  chamber.  Tlie  effects  of  such  exposure  on  erythrocyte 
rer.b r ane  p ermeab i  1 1 1 y  have  be c n  stud i  e d  by  d e t  errain i  ng  the  po lass  ium  an d 
hereglobin  effluic  in  irradiated  and  control  cells. 

Artificial  Merbrane  Studies 

One  of  the  prirary  functions  of  the  cell  membrane  is  its  selective  perr.e- 
rbilit}^  to  various  rolecules  and  ions  x^)ilch  enables  the  cell  to  obtain  and 
retain  substances  which  it  requires  and  to  prev».‘ut  the  entry  of  undesirciblc 
substances.  It  is  clear  that  the  introduction  of  large  pores  into  the  cell 
renbrane  would  allow*  substc-nces  to  pass  through  the  monibrane  thus  destroying 
the  important  nentsel ective  function.  The  major  question  wo  have  sought  to 
answ^er  in  this  investigation  is  whether  eleclrrc  field  pulses  can  Induce  pores 
which  alter  nembrane  pemeability. 

The  possibility  tear  long  lasting  pores  might  exist  is  suggested  by  the 
observations  of  Yaluso  ct  al.  (6)  on  aged,  (vxlclized  cholesterol  lipid  bilayer 
nenbrar.es.  In  these  merbranos  step  changes  in  current  wlillc  tlie  membrane 
was  held  at  a  constant  voltage  suggested  the  formation  of  pores  or  channels 
in  the  nemhrano.  The  nenbranes  were  not  pcrnsolectlve  to  Na  and  K.  Altliougli 
moderate  voltages  caused  conductance  increases  in  the  membranes,  liigher  voltages 
wore  often  obfjcrvud  to  cause  a  conductance  decrease  in  stepwise  fasblon, 
Indlcatinr,  that  the  vollnp.es  cavi.scd  the  clmnnelf:  to  close..  Wc  have 
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confirniv:-  basic  observations  in  a  previous  investlnaLion  (7). 

A  z: r-  drastic  type  of  pore  formation  is  tha  actual  breakdown  of  the 
r.ar.:  ra:;a  vhirh  is  referred  to  as  ‘’dielectric  breakdo\sTv“ .  In  the  case  of  a 
sir.rl:-  Mlayer  lipid  mcrabrane  such  breakdown  causes  the  complete  destruction 
of  the  nezbraue.  However,  in  a  cell  or  in  a  di5:cont inuous  arrangement  of  a 
r.r,:ri:‘;  of  vei’y  small  membranes,  dielectric  breakdown  may  be  localized.  The  di- 
elczrric  bro::kdown  of  cells  iias  been  investigated  by  Zimmerman  ct  al .  (8,9,10) 

while  Ohk i  ( 11 )  has  observed  1 o c a 1 i z cd  b r c a kd ovni  in  a  gr id - 3 i kc  sy s C cm  o f 
nezhranes.  Crowley  (12)  has  studied  the  theoretical  aspects  of  dielectric 
breakdown  of  berk  artificial  and  cellular  membranes .  Previous  investigators 
have  determined  the  voltage  wnicdi  p]  oduccs  dielect  ric  breakdov/n  under*  D.C. 
conditions  (11,13).  Altliougli  it  is  recogniz(*d  tliat  the  breakdown  voltage  in¬ 
creases  as  t'no  c era t ion  of  the  voltag^e  t»ulsc  decreases  (14))  this  phenon.enon  has 
not  to  our  knowledge  been  investigated  quantitatively.  In  the  present  vonk  ve 
b.ave  detemined  the  breakdc'wn  voltage  of  an  artificial  bilaytn:  lipid  ine;:biune 
as  a  function  of  the  volt  a  gC‘  pulse  duration.  In  addition  we  report  on  at  t  tempts  to 
observe  conductance  changes  in  the  membrane  following  the  application  of  voltage 
pulses  approaching  the  breakdcvwn  level. 

Oxidized  cholesterol  was  prepared  according  to  the  method  described  by 
Tien  (13),  and  the  dried  product  was  dissolved  in  dec a no  to  form  a  saturated 
solu:irn.  Membranes  were  forr'.ed  by  applying  the  cholesto  ol  scOution  \,vi  i  h  a 
bri'.s!;  or  zicropjpot  (16,17)  a::ross  a  hole  in  a  tt’f1(*u  beaker  iinmersed  in  0.1  M  KCl  . 
figure  2  show*s  the  major  components  of  Die  experimental  apparatus.  The  membrane 
was  viewed  under  reflected  light  wit)i  a  40  X  microscope.  The  standard  procedure 
was  to  wait  a  minimum  of  tv>*o  ninutes  after  the  luenbvuue  had  become  black,  which 
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lndicatc‘5:  the  transition  to  a  bilavt^r,  before  making  any  electrical  nioasureiueuts. 
The  experirenCs  wore  conducted  ac  ncrrtal  room,  reriperature  of  22  +  2^C. 

Iliiiricnl  connection  to  the  r.er.hrane  va^i  r.ade  by  a  pair  of  Ag  -  AgCl2 
:-.:rrcr,t  delivering  electrodes  and  a  pair  of  potential  measuring  calomel  electrodes 
c:nr.ecred  to  either  side  of  the  r.enbrane  by  KCl-agar  salt  bridges.  The  time 
constant  for  charging  the  nembrane  capacitance  vas  7  ys.  Current  flow  through 
the  r.cmbrane  was  measured  vith  an  electrometer  operational  amplifier  in  the 
current- to^voltage  conversion  mode.  Vitli  the  feedback  resistance  10^  the  IQh  to 
90%  rise  time  was  18  nS  and  decreased  to  7  jjs  V7ith  a  feedback  resistance  of  10^  T. . 
Generally  the  most  sensitive  setting  v/ith  the  feedback  resistance  at  10^"*  m’  was 
used-  The  voltage  across  the  merabrnne  was  meas.ured  with  n  dif fei'cnt i al  electro- 
neter  amplifier  with  an  input  impedance  of  at  least  10^^  12  at  either  input 
and  a  10a  to  90',  response  time  to  a  2b0  mV  step  change  of  less  than  1  us. 

Square  puls:  r.  v?recbtained  cither  from  a  11?21^A  pulse  generator,  or  a  pulse 
generator  of  our  cw.  dcrign. 

This  arrangement  was  suitciblc*  for  13. C,  or  s.lovjly  varying  signals,  but  when 
fast  rising  pulses  are*  applied  to  the  membrane,  the  current  charging  the  menbran-e 
capacitance  (  ~  5  nP)  saturates  the?  cu  rent  to  voltage  converter,  wliich  requirts 
100  mS  or  longer  to  recover.  To  ovorconu:  the  effect  of  the  capacitance  charging 
current  two  methods  were  used.  In  the  first  method,  a  relay  was  act  Ivatcd 
d'urinp  the  puise  and  was  used  to  short  out  the  feedback  resistance  in  the  curreat- 
tO“Voltage  converter,  Tn  the  second  method,  adapted  from  Sargent  (18, 19), a  current 
equal  to  but  opposite  in  from  the  capacitance  char^;Lng  current  vjas  added 

to  the  nenbrnne  current,  effectively  nulling  the  capacitance  charging  current. 

Using  cither  method  produced  a  transient  artifact  at  the  output  of  the  current- 
to-volt«Tge  convertor  which  occurred  after  the  ap}>lied  voltage  pulse..  The  worst 
case  condition  nsLng  the  relay  melliod  produced  an  artifact  pulse  with  an  amplitut'*. 
of  2  X  10“^^  A  and  a  fjalf  width  of  8  inS,  while  \/i  (  h  the  current  nullin;.  meMiod  Ih 

transient  artifact  v;as  a  damped  oscillation  with  a  maximuin  of  sever^tl  hin^drcd 


picoampercs  and  a  decay  constant  of  about  8  mS.  The  worst  case  condition  was 
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with  a  feedback  resistance  of  10  U  in  either  method.  The  electrical  noise 
of  the  currcnt-to-voltage  converter  using  the  relay  method  was  10  pA  peak-“Co 
peak  and  40  pA  peak-^to-peak  using  the  current  nulling  circuit. 

For  the  deteriTiination  of  membrane  bro.al:down  voltage  as  a  function  of  pulse 
width,  the  membrane  voltage  was  held  at  50  mV  between  pulses  by  using  the  !).C. 
offset  of  the  pulse  generator.  One  or  two  pulses  were  applied  at  each  voltage 
increment  with  a  one  or  two  second  delay  between  pulses.  The  pulse  voltage 
was  incre.ised  in  approximately  25  mV  increments  until  the.  membrane  was  broken. 
Membrane  current  and/or  voltage  v^ere  recorded  on  a  Tektronix  storage  oscillo¬ 
scope  for  each  sequence  of  pulses. 

The  storage  oscilloscope  \;a3  also  used  for  the  determination  of  mombrane 
current  following  the  application  of  a  voltage  pulse  in  our  attempt  to 
determine  whether  or  not  long  lasting  conductance  changes  were  produced  by 
the  voltage  pulse::..  In  these  oxpei'iments ,  the  current  through  tlic  nambrane 
was  recorded  following  the  application  of  a  voltage  pulse  across  the  membrane. 
The  voltage  pulse  was  added  to  a  normal  holding  voltage  of  50  mV,  so  that 
following  the  voltage  pulse  one  would  expect  the  current  to  immediately  return 
to  the  normal  value  produced  by  the  50  mV  holding  voltage.  A  change  in  membrane 
conductance  would  be  indicated  by  a  change  In  the  current  produced  by  the 
holding  voltage  following  the  application  of  the  voltage  pulse. 

The  results  of  the  determination  of  membrane  breakdown  voltage  for  various 
pulse  widths  are  shown  in  Fig.  3.  The  results  represent  experiments  on  13 
membranes  for  both  the  30  pS  and  300  yS  pulses  and  5  membranes  for  the  10  mS 
pulses*  The  error  bars  shown  in  Fig.  3  denote  standard  deviations.  A  definite 
dependence  of  breakdown  voltage  on  pulse  width  is  demonstrated,  and  the 
experimental  results  Indicate  the  following  relationship  between  the  breakdown 
voltage  (Vb)  and  the  pulse  duration  (T). 

Vb  »  /465  -  109  log  {  T) 


whore  the  pulse  width,  T,  is  In  msec,  and  the  breakdown  voltage,  ^  is 
in  nV.  The  breakdown  voltage  increases  by  109.  mV  for  each  decade  decrease  in 
the  pulse,  width. 

It  must  be  emphasized  that  these  results  apply  only  to  oxidized  cholesterol 
membranes  at  24°C  in  0.1  M  KCl  and  that  the  membrane  breakdown  voltage  depends 
on  many  factors  including  the  composition  of  the  mernbrane,  temperature,  pli,  and 
the  bathing  salt  solution  (11,  13,  20).  However,  if  the  mechanism  for  membrane 
breakdoxvaa  is  the  same  in  otlier  mombranes  as  in  the  oxidized  cholesterol  membranes, 
then  one  would  expect  a  qualitatively  similar,  though  not  necessarily  quant i* 
tatively  ident:«cal,  dependence  of  breakdo^^  voltage  on  pulse  width.  This  may  help 
explain  v;hy  the  deteminatlon  of  the.  breakdown  voltage  of  cell  membranes  using 
voltage  pulses  yields  breakdown  voltages  of  0.8  to  1.6  volts  (9,10),  while 
the  breakdown  voltages  of  artificial  membranes  for  D.C.  voltages  is  usua] ly  not 
greater  than  0.4  to  0.6  volts  (13)  and  often  less  0.3  V  (11).  There  are, 

of  course,  many  other  factors  which  mJght  contx'ihute  to  this  difference  such  as 
actual  differences  between  artificial  and  biological  membranes. 

Our  attempts  to  observe  persistant  conductance  increases  using  either  the 
relay  method  or  current  nulling  technique  liave  yielded  no  positive  results, 
and  we  tentatively  conclude  that  voltage  pulses  below  the  breakdowii  voltage 
do  not  produce  persistant  conductance  changes  of  durations  greater  than  10  i:>S 
in  oxidized  cholesterol  roembx'anes  under,  our  experimental  conditions.  These 
results  do  not  contradict  results  reported  by  Saigcnt  (19)  on  oxidized  cholesterol 
membranes.  Sargent  was  not  seeking, nor  did  he  discuss,persistGat  conductance 
changes  following  step  changes  in  the  membrane  voltage.  Rather  he  sought  and 
observed  transient  currents  apparently  due  to  membrane  capacitance  relaxation 
phenomena.  To  observe  persistent  conductance  changes  due  to  a  voltage  pulse 
would  require  the  observation  of  the  current  following  a  voltage  change  from 
a  higher  (In  magnltude)voltage  to  a  lower  non-zero  voltage.  Unfortunately 
Sargent  does  not:  report  any  experiments  of  this  type.  We  must  also  note  thiit  oxJ 


dlzed  cholesterol  membranes  are  among  the  most  stable  artificial  lipid  moirbranes. 
Phospholipid  membranes  have  much  lower  breakdov^n  voltages  (11)  and  may  be  more 
likely  to  show  a  long  lasting  effect  of  voltage  pulses  on  membrar.e  conductance. 
Additional  studies  using  other  types  of  membranes  are  thu55  required  before  conclu¬ 
sions  can  be  dra\^  regarding  the  generality  of  the  relationship  between  breakdew^a 
voltage  and  voltage  pulse  duration  as  well  as  the  effects,  or  lack  ther*eof, 
of  transient  voltages  on  membrane  conductance.  Based  on  the  results  obtained 
with  erythrocyte  membranes,  to  be  discussed  In  tlic  next  section,  it  is  suggested 
that  in  view  of  the  general  correlation  hetv.:en  tlic  pulse  duration  and  dielectric 
breakdo™  in  artificial  membranes,  on  the  one  hand,  and  permeability  alterations 
in  erythrocyte  inambraues,  the  two  phenomena  may  be  related  mechanistically. 

Effects  of  Pulsed  Electric  Fields  on  Erythrocytes 

_  _  _ _  -  - 

The  effect: s  of  pulsed  electric  fields  on  erythrocytes  lave  been  the  sub¬ 
ject  of  a  number  of  investigations.  In  general,  electric  field  strengths  of 
2  to  30  kV/cm  and  pulse  durations  of  1  to  100  ]\s  have  been  used,  and  suspensions 
of  cry tlitocyte j  Lave  been  exposed  to  one  or  a  fe\7  pu.lrzs.  Hemolysis  (8,9,21-24), 
potassium  release  and  sodium  uptake  (23),  glucose  uptake  (24),  light  scattering 
relaxations  (25,26),  and  enzyme  uptake  (27)  are  among  the  reported  effects. 
Erythrocytes  lysed  by  electric  field  pulses  have  been  examined  by  electron 
microscopy  and  the  cell  membrane  appears  to  remain  intact.  (28)  Microorganisms 
and  phospholipid  vesicles  have  also  been  investigated  (23,28-32).  Some 
investigators  have  reported  that  the  primary  effect  on  cells  is  dielectric 
breakdoTjn  of  the  cell  membrane  (8-13,21-23,27,  33-34),  while  others  suggest 
that  the  effects  may  be  due  to  both  the  electric  current  and  temperature  increase 
(25)  .  A  mechanism  (or  mechanisms)  which  satisfactorily  describes  all  the  data 
available  in  the  literature  has  not  been  presented. 

With  one  exception  (25),  previous  investigators  have  exposed  cells  to  only 
one  or  a  few  pulses.  Barnnski  ct  al.  (35)  have  reported  that  low  level  nicro- 
W3VC  irradiation  of  1  to  10  nW/c.i'  produced  Gip.nif icant  Ipakap.o  of  potassium 
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and  hemoglobin  from  erythrocytes  after  exposures  of  up  to  3  hours.  It  has 
also  been  reported  (36)  that  pulsed  microwave  fields  are  often  more  effective 
than  continuous  wave  fields  in  producing  alterations  in  biological  systems. 

In  view  of  these  reports  and  the  results  of  the  ^  vivo  experiments  discussed 
in  the  precediiig  section  of  this  report,  x^e  decided  to  investigate  the^  effects 
of  exposure  of  erythrocytes  to  relatively  low  intensity  electric  field  pulses 
using  long  exposure  times.  In  the  present  worl;  we  report  on  the  results  of 
such  exposures  using  both  induced  and  conductive  electric  fields.  V/e  also  report 
on  an  attempt  to  confirn  the  results  obtained  by  Baranski  et  al.(35)  by  exposing 
erythrocytes  to  lox^  intensity  microwave  radiation, 

Tlie  procedures  used  in  this  study  included  the  drawing  of  blood  from  apparently 
healthy  dogs,  rabbits,  or  humans  into  a  hepariv^ized  syringe  (20  l.U.  per  ml  of  bleed)* 
The  blood  was  irnmed lately  centrifuged  for  10  minutes  at  1,500  g  and  the  plasma, 
buffy  coat,  and  top  layer  of  cells  v/ere  removed.  The  packed  cells  v:ere  then 
washed  twice  in  cold,  potassium-free,  buffered  saline  containing  90g  NaCl, 

13. 6g  Na2  HPO^,  2.15  g  NaH2PO^‘ll20  per  liter  of  solution.  The  pH  of  the  buffer 
was  7.4  and  it  x^as  osmotically  equivalent  to  0.9%  NaCl.  The  washed  cells  were 
resuspended  in  the  buffer  in  a  concentration  ratio  which  varied  from  1:9  to  1:1 
packed  cells:  buffer. 

Exposure  of  Erythrocytes  to  Pulsed  Capacitive  Field 

In  these  experiments  current  did  not  flow  directly  from  the  voltage  source 
through  the  cell  suspension^  but  rather  an  electric  field  and  thus  a  current  was 
induced  in  the  cell  suspension  by  the  changing  electric  field  between  a  pair 
of  capacitor  plates*  The  capacitor  plates  were  25  cm  x  25  cm  and  x^ere  spaced 
4  cm  apart#  The  capacitor  thus  formed  was  part  of  the  energy  storage  capacitor 
of  a  commercial  high  voltage  discharge  circuit  (TRW  Model  31B) .  Measurement 


of  the  capacitor  voltage  during  the  discharge  of  the  circuit  was  United  by  the 
response  speed  of  the  Tektronix  Model  P60I5  high  voltage  probe  used.  It  was  de¬ 
termined  that  the  major  part  of  the  capacitor  discharge  had  a  90%  to  10%  fall  ti 


<  4  nsec.  Assuming  for  simplicity  that  the  pulse  was  approximately  exponential 
this  corresponds  to  a  decay  time  constant  of  j<  1.8  nsec.  The  manufacturer’s 
specifications  for  the  T RW  Model  31B  indicate  that  the  duration  of  the  pulse  is 
4  nsec  so  that  a  time  constant  of  1.8  nsec  for  the  decay  of  the  voltage  across 
the  energy  storage  capacitor  is  reasonable.  The  rite  time  for  charging  the 
capacitor  was  120hi>PC.  Three  milliters  of  the  cell  .suspension  vere  placed  in  a 
small  vinyl  bag  and  suspended  by  a  nylon  string  in  the  cc-nte‘r  of  and  between 
the  capacitor  plates.  Assuming  that  the  volume  of  the  cell  suspension  is 
spherical,  the  field  induced  in  the  sample  (Et)  by  a  changing,  initially 

uniform  electric  field  calculated  in  Appendix  I  to  be 

-1 


Ei  =  Wq  dE^/dt  (1) 

where  Wq  is  a  constant  x^hich  is  dcjicndent  upon  tliO  conduct i\'ity  of  the  sample. 
For  a  decayii**g,  exponential  oxterncl  field  with  tiiu*  const. int  \  the  r.axiT7.u?;i 


field  induced  in  the  cell  suspension  is 


max  max ,  max 

Ei  =  /WqT  =  0.019  E^ 


under  the  conditions  oJq  =  2.96  x  10^^  radians  /sec  and  T  =  1.8  nsec.  No 
appreciable  field  is  induced  in  the  sample  during  the  charging  of  tlic  capacitor 
due  to  the  long  rise  tine  of  the  pulse.  The  maximum  capacitor  voltage  was 
varied  betx>?een  4  kV  and  5.5  kV  so  that  tlie  induced  field  varied  fron 
approximately  75  to  104  V/cm.  The  pulse  repetition  rate  v;as  IKHa,  and  the 
exposure  time  was  3  or  6  hours.  Control  samples  were  treated  exactly  as  the 
exposed  samples  except  that  they  were  not  exposed  to  the  field.  For  each 
exposed  sample  and  its  control,  the  supernate  remaining  after  centrifugation 
for  10  minutes  at  1,500  g  was  analysed  for  potassium  concentration  using  an 
Instrumentation  haboratory  Model  343  flame  photometer  and  for  hemoglobin  by  de¬ 
termining  the  nbsorhanct?  at  540  nm  by  means  of  a  Beckman  Model  25  spcctropliotoiriu 


The  results  of  exposure  of  dog,  rabbit,  and  human  erythrocytes  to  pulsed 
capacitive  electric  fields  arc  summarised  in  Table  S,  No  consistent  or  statis¬ 
tically  significant  alterations  in  potassium  or  hemoglobin  efflux  from  dog  or 
rabbit  erythrocytes  were  detected.  Exposure  of  human  erythrocytes  resulted 
in  a  52%  increase  in  potassium  release  with  no  increase  in  liemolysis .  A  though 
the  data  for  human  erythrocytes  indicates  an  effect  of  pulsed  induced  electrical 
fields  on  potassium  release,  additional  data  is  re.,aircd  in  order  to  establish 
the  statistical  significance  of  this  result.  It  should  be  noted,  however,  that 
the  results  of  exposure  of  erythrocytes  to  pulsed  conductive,  fields,  discussed 
in  the  next  section,  suggest  that  of  the  three  species  that  v;ere  studied,  human 
cells  appear  to  be  the  most  sensitive  to  the  electric  field  effects.  The  in¬ 
duced  field  strength  an  these  experiments  was  75  V/cm  with  the  exception  of  ex¬ 
periment  4  in  which  case  the  field  strength  was  .104  V/cm. 

Exposure  to  Pulsed  Conductive  Field 

The  chamber  for  the  exposure  of  erythrocytes  to  pulsed  conductive  fields 
consisted  of  a  pair  of  flat  platinum  foil  electrodes  separated  by  a  3.3  mm 
thick  rubber  insulator  containing  a  cavity  into  which  the  cell  suspension  was 
placed.  The  volume  of  the  sample  cavity  was  0.5  ml.  For  most  experiments 
the  exposure  chamber  containing  the  sample  was  the  discharge  resistor  for  a 
high  voltage  discharge  circuit,  shown  in  Fig.  4,  controlled  by  a  needle 
point  spark  gap.  The  charging  resistor  (100  M  1^)  determines  the  time 
required  to  charge  the  energy  storage  capacitor  C  to  tlio  critical  voltage 
at  which  the  spark  gap  discharges  the  charge  stored  in  C  through  the  cell 
suspension  resistance  in  the  exposure  chamber.  The  cell  suspension  is 
thus  exposed  to  an  exponentially  decaying  electric  field  with  a  time  constant 
determined  by  RsC  and  maximum  voltage  For  most  experiments  Rg  was  100  , 

so  that  the  ratio  of  charging  time  ttj  discharge  time  was  10^  and  was  independent 
of  the  value  of  capacitor  C,  which  ranged  from  0.0043  pF  to  0.06  UF.  The  time 
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TABLE  5  EXPOSURE  OF  ERYTHROCYTES  TO  CAPACITIVE  FIELD  VOLTAGE  PULSES 

TIME  CONSTANT  OF  PULSE  =  l.Snscc,  Pulse  Repetition  Rate  =  IKHz 
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TABLE  5  EXPOSURE  OF  ERYTHROCYTES  TO  CAPACITIVE  FIELD  VOLTAGE  PULSES 

TItCL  CCNSTAl^T  OF  PULSE  ■>  l.Ensec,  Pulse  Repetition  Rate  =  IKHz 
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between  pulses  ranged  from  approximately  1  second  using  the  0,0043  PF  capacitor 

to  approximately  12  seconds  using  the  0.06  UF  capacitor.  In  Appendix  II  it 

is  shown  that  under  these  conditions  the  average  energy  dissipated  in  the  sample 

was  less  than  10  mW,  The  sample  was  a  1:1  suspension  of  cells  in  buffer  and 

the  volume  of  sample  in  the  exposure  chamber  was  typically  0,2  ml.  Thus  the 

3 

average  specific  heating  rate  of  the  sample  was  less  than  50  inV*Vcm  .  The  volume 
of  sai  ^ple  was  very  small  compared  with  the  size  of  the  exposure  chamber,  and  the 
average  temperature  increase  measured  v/ith  a  miniature  theni^ii  tor  was  found 
to  be  less  than  0.3^C,  The  temperature  jump  produced  by  a  single  pulse  is  cal¬ 
culated  in  Appendix  II  and  found  to  be  less  than  O.l^C.  In  experiments  where 


less  than  the  total  voltage  was  to  be  applied  to  the  sample,  a  resistor 

was  added  in  scries  with  Rg.  The  resistance  Rg  was  adjusted  so  that  the 
total  resistance  +  Rg  was  100  Q.  The  voltage  pulses  across  were  monitored 
with  an  oscilloscope  and  gave  a  of  1.6  kV  with  a  varintlou  of  +  This 

was  in  agreement  with  the  voltage  calculate.]  on  the  basis  of  the  charging  ti::rc  of 
capacitor  C.  For  the  shortest  pulses  (RgC  =  0.43  ysec)  oscilloscope  triggering 
was  difficult  and  erratic  and  some  obseir\^ations  gave  apparent  values  for  of 
only  1.0  kV  for  these  pulses.  However,  based  on  the  time  required  to  chorge 
capacitor  C  we  calculated  a  of  1.6  kV.  In  those  experiments  in  which  square 
electric  field  pulses  of  300  volts/cn  were  used,  the  pulses  were  produced  by  a 
Hewlett  Packard  model  214  A  pulse  generator.  In  this  case  the  sample  voluiae 
was  adjusted  so  that  the  sample  resistance  was  equal  to  the  50  i1  characteristic 
impedance  of  the  connecting  cable.  The  rise  time  of  these  pulses  was  15  nsoc. 
Controls  for  these  experiments  were  kept  at  room  temperature.  For  both  control 
and  exposed  samples  the  potassium  release  and  absorbance  were  determined  as  for 
the  samples  exposed  to  pulsed  capacitive  fields.  In  addition,  osmotic  fragility 
of  the  cell  membranes  was  measured  in  some  experiments.  For  this  determination 
a  10  \\  i  aliquot  of  the  exposed  or  control  cell  suspension  was  added  to  2  ml  of 

0.5%  saline  and  nuilnrain«‘d  nt  room  temperature  for  30  minutes.  Tlic  suspnns.tori 
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was  then  centrifuged  to  remove  the  cells,  and  the  absorbance  of  the  supernate 
was  determined  at  540  nm. 

The  results  of  the  exposures  of  rabbit  erythrocytes  to  exponential  voltage 
pulses  are  slioun  in  Figures  5  a,  b  and  6,  and  tVie  results  for  human  erythro¬ 
cytes  exposed  to  exponential  pulses  arc  summarized  in  Figures  7  to  10. 

Exposure  of  dog  erythrocytes  to  exponential  pulses  in  a  scries  of  preliminary 
experiments  gave  results  sirailar  to  there  observed  for  rabbit  erythrocytes. 

In  finother  series  of  experiments  rabbit  erythrocytes  were  exposed  for  2  hours 
to  square  wave  electrical  puisnes  of  300V /cm  with  pulse  widths  of  0.50  and  2.5 
psec.  No  significant  differince  was  noted  in  j.otarsiuTn  and  hemoglobin  release 
between  exposed  samples  and  controls.  For  rabbit  and  human  erythrocytes, 
potassium  release  occurs  much  more  readily  than  docs  hemoglobin  release  follov;in 


exposure  to  conductive  exponential  voltage  pulses.  This  has  also  been  observed 
by  Ricruina  et  al .  (23)  in  human  erythrocytes  expos  ed  to  single  pulses.  The 


more  I'apiJ  relcafjo  of  potassium  through  t.he  cell  iir^mbrnne  is  v:ot  surprising  sine 


the  ion  is  signif icantly  smaller  than  the  hemoglobin  nolccule.  These  results 
suggest  that  less  pronounced  nenbrane  alterations  are  sufficient  to  peirmit 
the  passage  of  potassium  than  are  required  for  the  release  of  hemoglobin. 


A  second  obvious  feature  of  the  results  obtained  in  this  study  is  the  strong 


dependence  of  both  potassium  and  hemoglobin  release  on  the  decay  time  constant 
of  the  pulse.  It  Is  sho^^  in  Appendix  II  that  under  the  conditions  of  this 

experiment  the  average  power  delivered  to  the  sample  is  independent  of  the 

time  constant  of  the  pulse.  It  is  also  shovr*  that  the  average  time  that  the 
voltage  across  the  cell  suspension  Is  greater  than  a  given  value  is  independent 

of  the  pulse  decay  time.  Figure  11  shows  the  effect  of  temperature  on  human 

erythrocytes.  A  3-hour  Incubation  at  37^C  results  In  potassium  and  hemoglobin 
release  that  is  small  compared  with  that  which  occurs  due  to  pulsed  field 
exposure.  Thus,  temperature  and  average  power  can  be  ruled  out  as  possihlo 


causes  for  the  dependence  of  the  effects  on  the  pulse  time  constant.  This 
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dependence  on  pulse  time  constcint  has  also  been  noted  by  Riemann  et  al.  (23), 
who  suggest  that:  the  time  required  to  charge  the  cell  membrane  capacitance  is  of 
the  order  of  10  \isec.  If  this  is  true,  then  a  reasonable  explanation  for  the 
dependence  of  the  effects  on  the  pulse  time  constant,  for  time  constants  less 
than  10  psec  is  that  the  cell  membrane  becomes  only  partially  charged  and  only 
a  fraction  of  the  maxiiium  possible  voltage  is  developed  across  the  membranes. 

We  believe  that  a  more  reasonable  estimat'e  for  the  time  constant  for  the  charging 
of  the  cell  rnerabrsne  capacitance  is  0.1  jjsec  or  less.  This  time  constant  can  be 
calculated  from  either  experimental  observations  or  theoretical  calculations 
on  the  dispe^rsion  of  cell  suspensious.  Schwan  (37)  has  shown  that  tb.e  rela¬ 
tionship  between  the  characteristic  frequency,  and  the  relaxation  time  constant 
for  a  dispersive  medium  is 

T  =(2TTfo)"’-  (3) 

Fo:*  a  coll  suspension,  the  dispersion  and  the  relaxation  process  are  due  to 
charging  of  the  cell  membrane  capacitance.  Bernhardt  and  Pauly  (38)  have 
calculated  the  characteristic  frequency  for  various  cell  shapes.  For  dish 
shaped  cells  the  size  of  erythrocytes  in  dilute  0.9%  HaCl  solution,  they 
obtain  the  following  values.  With  the  short  somi-axiG  of  the  cell  parallel 
to  the  external  field  fo  is  4.8  MHz,  for  which  the  corresponding  relaxation 
time  is  33  nsec.  With  the  short  semi-axis  of  the  cell  perpendicular  to  the 
external  field,  fo  is* 2. 2  MHz,  which  corresponds  to  a  relaxation  time  of  72 
nsec.  Sale  and  Hamilton  (22)  used  a  spherical  node],  for  the  erythrocyte  and 
estimated  that  the  membrane  charging  time  constant  was  less  than  0.1  \xs. 

Bernhardt  and  Pauly  state  that  the  experimental  values  of  relaxation  frequencies 
for  suspensions  of  cells  of  this  type  are  in  the  range  they  calculate.  It  is 
shown  in  Appendix  III  that  if  the  relaxation  time  constant  is  Tri  and  the  external 
electric  field  applied  to  the  cull  suspension  is  a  decaying  exponential,  given  by 

E^(t)  =  Eo  exp  (-t/Tp  )  W 

-  A6  - 


then  the 'voltage  across  the  cell  membrane  Vjjj(t),  at  points  on  the  membrane 
where  this  voltage  is  a  maximum,  Is  given  by 

V^(t)  =  FjajEg  -  }.  {e-t/Tp  _  .  (5) 

Tp  -Tr 

where  Fj  is  a  dimensionless  shape  factor  specific  for  a  given  cell  and  its 
orientation  relative  to  the  field  and  aj  is  the  seini-major  axis  parallel  to 
the  external  field.  In  Figure  12  we  have  plotted  this  equation  for  tlie  case 
of  the  erythrocyte  type  cell  with  the  minor  semi-axis  perpendicular  to  the 
applied  field  ( “  72nsec)  and  for  time  constants  of  6  p sec  and  O^ATpsec  for 
the  applied  pulse.  These  are  the  longest  and  shortest  pulses  used  in  our 
experiments.  The  peak  merabrane  voltage  produced  b}’^  the  0.43  jjsec  pulse  is  about 
3/4  of  chat  produced,  by  the  6  p  sec  pulse.  However,  a  6  psec  pu3.se  with  a  peak 
amplitude  of  3.6  kV/cm  is  much  more  effective  than  a  0.43  psec  pulse  with  a 
peak  amplitude  of  4.8  kv/cm.  For  example,  comparir^  "figures  7a  and  7  d  we  sec 
that  the  6  psec  pulse  produced  a  96%  pot  as. slum  release  and  65%  iicp/>lysis  after  a 
6  minute  exposure,  v;hereas  the  0.43  psec  pulse  produced  only  an  8%  potassium 
release  and  no  hemolysis  above  the  control,  after  the  same  exposure  tine  at  a  field 
strength  of  4.8  kV/cm.  Even  after  a  60  minute  exposure,  the  0.43  psec  pulse 
produced  only  about  40-50%  potassium  release  and  a  negligible  amount  of  hemolysis. 
Possible  causes  for  the  title  constant  dependence  will  be  discussed  later. 

A  third  notable  feature  of  the  data  is  the  sigmoid  relationship  of 
hemoglobin  release  to  exposure  time.  That  the  sigmoid  character  of  the  curve 
is  not  evident  for  the  exposure  of  rabbit  erythrocytes  to  6  psec  pulses  (Fig.  r)b) 
is  probably  due  to  the  absence  of  data  at  very  short  exposure  times  corresponding 
to  1  or  a  few  pulses.  The  sigmoid  shape  of  the  hemoglobin  release  versus  exposure 
time  curve  is  evident  for  human  erythrocytes  for  6,  1.1.  and  0.75  ysec  pulses 
(Figs.  7  and  10).  Ho  hemolysis  was  observed  for  rabbit  and  human  erytlirooy tc*s  wiib 
0.43  psec  pulses.  Tlie  exposure  time  dependency  appears  to  indicate  a  progr('f;.sive 
weakening  of  the  cell  membrane  by  the  electric  field  pulses  until  the  membrane  is 


sufficiently  altered  to  allow  the  release  of  hemoglobin. 

Further  evidence  that  the  pulses  weaken  the  cell  membrane  is  prevideJ  by  the 

osmotic  fragility  experiments  summarized  in  Figures  9  and  10.  As  sho\>Ti  in 

Fig.  9,  the  conditions  under  which  there  is  no  effect  of  the  pulses  on  tlie 

osmotic  fragility  are  for  time  constants  of  0.43  ysec  or  less  and  field  strengths 

of  1.8  kV/cm  or  less.  For  longer  time  constants  and  higher  voltages  the  osmotic 
fragility  of  the  cells  is  increased  as  shown  in  Fig.  10.  A  substantial  increase 
in  osmotic  fragility  occurs  under  conditions  where  hemolysis  is  negligible. 

We  can  suirtuarize  the  data  by  saying  that  the  first  effect  of  the  electric 
field  pulse  is  to  alter  the  membrane  peraeiibility  resulting  in  the  efflux  of  intra 
cellular  potassium.  Further  pulse  exposr.re  continues  to  weaken  the  membranes 
such  that  hemoglobin  lea]:s  out  when  the  cells  are  suspended  in  hypotonic  0.  r»ri  sail 
Finally,  when  a  critical  number  of  pulses  have  been  applied  to  the^ cells,  the 
membrane  is  altered  tc  the  extent  that  hemoglobin  Itiuk.s  out  of  the  colls 
under  isotonic  conditions.  V?g  also  note,  as  indicaltd  in  Fig.  13,  that  hiiinaa 
erythrocytes  are  more  sensitive  to  tlic.  effects  of  the  pulses  than  are  rabbit 
erythrocytes.  Although  there  is  insufficient  data  at  present,  it  appears  from 
preliminary  experiments  that  dog  erythrocytes  are  also  more  rcsistont  to 
the  effects  of  pulsed  conductive  fields  than  human  red  cells. 

Based  on  our  results,  it  is  useful  to  consider  separate  mechanisms  for 
potassium  release  and  for  the  effect  on  osmotic  fragility  and  hemoglobin 
release.  Rienan  et  al.  (23)  also  conclude  that  ht'iiioglobin  release  is  not 
necessarily  associated  with  the  dielectric  breakdown  mechanism  they  propose 
to  account  for  cellular  potassium  release.  We  have  not  yet  determined  a 
mechanism  for  the  effects  on  osmotic  fragility  and  hemoglobin  release.  Sale  and 
Hamilton  (22)  considered  the  effect  of  uniform  heating  of  the  cell  membranes. 


-  49  - 


by  voltage  pulses  and  found  il  to  be  negligible.  Tseng  et  al.  (25)  have 
suggested  that  a  thermal  gradient  vhich  might  be  produced  across  the  membrane 
may  have  a  large  effect,  even  if  the  gradient  is  of  very  short  duration. 
Zirnmerman  et  al.  (9)  considered  a  theory  proposed  by  Neumann  and  Rosenheck 
(32)  in  which  the  ion  cloud  sur rounding  a  cell  is  displaced  by  an  electric 
field  pulse.  They  conclude  that  for  cells  the  size  of  bovine  erytlirocytcs 
the  time  constant  for  the  effect  is  820  y  sec,  ;;hich  is  iruch  longei  than  the 
pulses  ui  cd  in  our,  and  others',  cKperiments  on  erythrocytes.  Thus,  ion  cloud 
displacement  is  not  a  feasible  mechanism  for  the  effects  we  have  dctc’cted. 

The  mccltanism  that  has  previously  been  proposed  for  potassium  release  is 
dielectric  breakdown  of  the  cell  monbrane  (23).  A  difficulty  with  this  theory 
is  related  to  the  fact  that  Riemann  ct  al.  calculate  that  the  time  r^^quired 
for  tlic  bioakdowTi  process  is  of  the  order  of  nanoseconds  (23),  yet  wc  have  found 


that  there  is  a  strong  dep'endr*ccc  of  potwasriu:.!  release  on  the  pulse  decay  time 
constont  for  values  less  than  10  p  sec.  Their  sugp,estjo:t  tiu'.t  this  is  due  to  a 
10  ysec  time  constant  for  charging  of  the  cell  mcnbranc  docs  not  appear  to  be 
valid,  as  previously  discussed.  Our  data  indicate  chat  a  minimun  time  constant 
of  approximately  0.4  y sec  and  a  minimum  field  strength  of  approximately  2  kV/cn 
are  simultaneously  required  in  order  to  cause  cellular  potassium  release.  There 
facts  can  be  incorporated  into  a  model  which  suggests  that  the  release  of  potass 
as  a  result  of  exposure  to  0.75  ysec  and  0.43  ysec  pulses  will  be  an  exponential 
function  of  tlie  exposure  time. 


Model  for  Electric  Field- Induced  Potassium  Release 


Assume  that  an  electric  field  acting  upon  a  cell  membrane  produces  a  pore  or 
channel  in  the  membrane  through  which  potassium  and  other  ions  dlffvisc.  The 
dependence  of  the  potassium  concentration  In  the  extracellular  solution  as  a 
function  of  time  nay  be  detcmiiud  by  application  of  cl  if  fu:- inn  theory. 

If  it  In  ansiimod  that  the  concentration  gradient  of  potassium  In  the  pore  is 
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linear,  then  t)ie  following  relationship  is  obtained  from  Tick's  law  of  diffusion 
(40) 


dN/dt  “ ’T)A  (C^fj  *“  ^out^  ^ 


(6) 


where  N  =  number  of  moles  of  potassium  in  the  ceJl, 

D  **  pore  area  .or  the  total  area  of  all  pores  if  there  is  more  than  onecell, 

X  ~  the  length  f  the  pore, 

Cin~  concentration  of  potassium  inside  the  cell 

4 

and  CQy|.=concentratlon  of  potassium  outcide  the  cell. 

It  will  be  assvimed  further  that  ^out  are  uniform  inside  and  outside 

of  the  cell. 

Since  the  total  number  of  potassium  ions  is  conserved,  we  have 

dN/dt  =  Vi^dCin/dt  =  dC^ut/dt  '  (7) 

where  and  are  the  interior  and  exterior  cell  volur.ios,  respectively. 

If  there  Is  more  than  one  cell,  is  the  total  interior  volume  of  all  cells. 

’  in 

From  Eq  (7)  we  have 


‘^^out  _  ~'’in 
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dt 


V„  ►  dt 
out 


Taking  the  time  derivative  of  both  sides  of  Eq.  (6)  and  using  Eq.  (7)  gives, 
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Using  Eq.  (8) , 
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out  ^^^out  =  "  ^  ^out  4.  ^^out 
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where  D  =  XV  ^  (V. 
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The  solution  of  Eq.  (9)  is 

Cout  =  C"  +  (C  -  (1  -  exp  (-t/Tjj  )),  (10) 

00 

where  C®  end  C  are  the  initial  and  j'^inal  concentrations,  respc.ctively .  If  the 
pore  is  transient  in  duration  ,t  in  Eq,  (10)  is  replacv^d  by  t^,  the  effective  ti’ne  during-, 
which  the  channel  is  epen,  V7e  can  v.nrite 
t.e  =  Ft, 

where  t  is  the  actual  time  of  exposure  to  the  electric  field  and  F  is  the  fraction 
of  the  exposure  time  that  the  cell  membrane  pore  is  open. 

An  expression  for  F  may  be  derived  on  the  basis  of  the  following  model. 

When  the  cell  membrane  potential  have  been  above  a  threshold  voltage  for  a 
time  t^,  a  pore  opens  in  the  membrane.  The  pore  persists  as  long  as  the  membrane 
voltage  remains  above  and  closes  vrhen  the  voltage  drops  below  V^.  Assuming 
for  siraplicity,  that  to  a  first  approximation  the  voltage  across  the  membrane 
Vjji  is  exponential  in  time. 

Vm  =  V°  exp  (-t/T  p). 

Vf.  and  V°  are  related  by 

V^/V”  "  exp  (-a)  =“  exp  (-tf/  Tp)  (11) 

where  t ^  -  at  p  is  the  time  during  a  sini;lc  exponential  pulse  that  the  voltage 


across 


The  tim  e  that 

f  =  (3t  =  (3 

F  =  (tj:  -  t^.)  =  (3tc.)“^  («-r  p  -  t^) 

Bjiz,  Tp  =  RgC  Appe7tdi:<  II),  so  that 

F  =  (Rg/B  R^)  (a  -  tc/  Tp)  (12) 

Equation  12  gives  the  fraction,  of  the  total  exposure  time  during  which  potassium 

diffuses  from  the  ce:.l.  For  every  type  of  ion  or  molecule  that  diffuses  through 

the  pore,  a  time  dependent  concentration  will  develop  according  to  Eq.  (10) *  Each 

species  of  ion  or  nolecule  will  have  a  different  valvie  of  U  whereas  the  value  of  F 

wil.l  be  the  same  for  all  ions  or  molecules. 

In  surreary,  we  thus  assume  that  after  the  voltage  across  tlie  cell  membrane 

has  exceeded  a  crltieel  voltnge  Vp  for  a  time  t  ,  a  pore  or  channel  is  produced 

^  c 

in  the  membrane.  The  channel  persists  as  long  as  the  membrane  voltage  remains 
above  and  closes  when  the  voltage  drops  below  V^,  During  the  time  the  pore  is 
open,  ions  are  assumed  to  diffuse  into  and  out  of  the  cell  through  the  field- 
induced  pore.  The  diffusion  leads  to  an  exponential  change  in  the  ion  concentration 
which  has  the  time  dependence  exp  where  t^  is  the  effective 

time,  the  membrane  channel  is  open  and  I  jj  dcpenchi  on  the  diffusion 


rh?  membrane  is  greater  than  or  equal  to 
the  pulso  is  effective  in  producing  a  pore  is 

•-fe  “ 

If  I  is  the  pulse  repetition  rate,  we  ha\'C 
F  =  ft.^.,. 


Aunendix  II  it  is  shc;*.>T.  that 


coefficient^ and  the  relative  sizes  of  the  channel,  the  cell,  and  the  external 
solution.  F  is  the  fraction  of  the  exposure  time  that  a  pore  is  open.  Thus, 

F  has  a  dependence  on  the  pulse  «lecay  time  constant  of  the  form 

F  =  a  -  b/  Tp, 

where  a  and  b  are  constants  as  defined  in  Kq,  12. 

For  a  given  amount  of  potassium  release  t^  is  a  constant,  C.  Thus,  if  T 
is  the  actual  exposure  time  required  to  produce  tlie  potassium  release,  we  have 

(a  -  b/Tp)  •  T  =  C 
or 

a-b/Tp  =  C/T 

A  plot  of  Tp  ^  vs  T  ^  should  be  a  straight  line  if  the  theory  is  correct.  The 
present  data  are  not  sufficient  to  deteimiue  the  validity  of  this  relationship, 
however.  Further  work  will  include  exposures  to  pulses  with  several  different 
decay  time  constants  less  than  0.75  ysec  and  bolov^  O.A  ysec.  The  determinatilou 
of  the  time  T  roquircid  jfor  a  g5.v(>n  fractional  potas^sinm  release  for  each  Tp 
then  be  plotted  as  described  above  to  test  the  theory. 

Exposure  to  3  GHz  Microwaves 

For  the  exposure  of  erythrocytes  to  continuous  v:ave  microwave  radiation, 

6  ml  of  1:1  suspension  of  erythrocytes  was  placed  in  a  plastic  tube  centered 

in  a  section  of  S  band  wavegtn’de.  The  electric  field  in  the  waveguide 

parallel  to  the  axis  of  the  sample  tube.  The  measured  povjer  absorbed  by  the 

tube  and  cell  suspension  was  245  mW  or  41  mW/cni^,  This  was  approximately  equivalent 

to  a  40  mW/ciii^‘  irradiation  in  the  far  field.  One  control  was  held  at  3/^C  while 

a  second  was  kept  at  room  temperature,  25^C.  The  frequency  of  the  microwave 

radiation  was  3GHz,  and  the  exposure  time  was  3  hours. 

The  results  of  the  exposure  of  rabbit  erytlirocytes  to  3  GHz  microwaves  are 
summarized  in  Table  6.  There  Is  no  significant  differences  in  the  dependent  variabl 
between  the  irradiated  sample  and  the  room  temperature  (25^C)  control 


sample.  These  results  are  not  consistent  v;ith  those  of  Earanski  et  al.  (35),  who 


reported  that  a  3  hour  exposure  of  rabbit  erythrocytes  to  3GIlz  microwaves  at  ImW/cni 

produced  10.8  mg%  potassium  release  (equivalent  to  19.4%  potassium  release)  and 

at  a  far  field  power  density  of  10  mW/cm^  an  18.0  mg%  potassiura  release  (equivalent 

to  32.4%  release)  was  reported.  This  contrasts  with  our  result  of  3.1%  potassiu^u 

2 

release  using  the  equivalent  power  density  of  approximately  40  mW/cm  ‘  during  a 
3  hr  irradiation.  Similar  disagreemtnl.  is  found  for  the  hemolysis  results.  The 
osmotic  fragility  results  are  not  directly  comparable  with  those  of  Earan.ski  et  al. 
(35).  Our  results  are  compatible  with  the  results  of  the  pulsed  coaductivo  field 
study  which  sb.ov/s  that  a  miniTTiuni  field  of  the  order  of  2kV/cri  is  required  to  produce 
any  effect  on  the  erythrocyte  membrane. ^  The  maximum  electric  field  in  Lho 
waveguide  in  our  experimeyit  was  on  the  order  of  only  10  V/cm.  Thus  one  v^culd 
not  expect  any  microwave  effect  on  the  erythrocyte  membrane  permeability  for 
potassium  O-  heiuogTebi^  if  it  is  assumed  that  the  alLeiations  are  dcqK'rxdcnt 
only  upon  the  indr.ccd  field  strength  in  the  ncmbranc  and  tlio  pulse  durtition. 
Microwave  irradiation  resulted  in  a  26%  increase  in  osmotic  fragility  but  exposure 
of  erythrocytes  to  n  temperature  of  37^  C  for  the  same  duration  (ie.  3  hr)  led  tc 
a  54%  increase  thus  suggesting  that  the  apparent  increase  in  the  exposed 
sample  is  attributable  to  microwave-induced  heating  . 


IV  SUMlJAkY  ANT)  CONCLUSIONS 

'/The  invest- Lon  of  the  effects  of  pulsed  electrical  fields  on  Ka^alian 
% 

erythrocytes  indicates  that  such  fields  produce  transient  pores  or  channel:,  in 
the  cell  membrane  as  evidenced  by  the  release  of  intracellular  potassium  ions  and 
hemoglobin  (and  perhaps  other  intracellular  protein  molecules).  The  release 
has  been  found  to  be  strongly  dependent  upon  the  duration  o£  the  electric  field 
pulse  as  well  as  the  amplitude  of'  the  electric  field.  Significant  intracellui ar 
potassium  release  occurs  under  exposure  conditions  that  do  not  resuU  in  release 
of  protein  molecules,  suggesting  th.it  the  sl.’e  of  the  induced  pore  is  dependent 
upon  the  Induced  ficlil  strcngtli  and  the  duration  of  the  field.  The  mechanJ.'.n  ol 
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dielectric  breakdown  of  cell  membranes  docs  not  adequately  account  for  these  ■ 
results.  Thus  the  Tncchanism  for  increased  membrane  permeability  is  not  presently 
understood  and  additional  studies  are  required  to  develop  such  a  mechanism. 

The  results  of  studies  of  the  relationship  of  field  strength  and  pulse  duration 
for  the  rupture  of  an  artificial  bilayer  lipid  membrane  (oxidised  cholesterol) 
indicate  a  dependency  on  the  pulse  duration  that  is  consistent  with  the  effects 


upon  cell  meiiibrane  permeability,  y  It;  is  not  possible,  at  this  time Jiowever ,  to 

/ 

directly  relate  these  effects  si^ce  the  mechanisms  are  not  well  enough  understood 
in  either  instance.  The  fact  that  electrical  field- induced  alterations  in 
in  vitro  membrane  model  systems  have  been  determined  to  depend  upon  field  strength 
and  ])ulse  duration  suggest  the  need  for  additional  investigations  of  the 
invo  1  vemti at  of  these  i vi d c i < en d e: i t  va r i a b .1  s  in  in  v  1  v o  expo su re  of  na v.mj a  1  i a n 


systems. 

The  jji  vivo  Sfudicjs  wcHrrvc 'Conducted  have  involved  the  cxpo>sare  to  Dutrli 
rabbit:-  to  7  pc-tit  ively  pul  £  ed  c?.-:'ctroricgnetic  fields  in  an  E>rd  simulator.  Scch 
exposur..  has  not  been  found  to  result  in  significant  alterations  in  a  number  of 
physiological  response  variables  including  the  duration  of  drug  induced  sleeping 
time  and  scrum  chemistry  changes,  although  there  is  some  suggestion  (non- 
statistically  significant)  of  a  post-exposure  increase  in  certain  serun  cn::>m:cs. 

More  extensive  studies  on  the  effects  of  EOT  expos^irt^  on  the  serum  levels  of  creatine 
phosphokinase  isoei;r.ynes  suggest  a  consistent,  albeit,  small  enzyme  elevation. 

In  view  of  the  abs -nee  of  changes  in  the  other  re;:ponse  variables  it  docs  not 
appear  that  the  elevations  in  CPU  isoenzyme  levels  arc  due  to  coll  death. 

An  alternative  explanation  for  these  enz^^ne  elevations  is  an  Increase  in  cell  j 

I 

membrane  permeability  induced  by  EMP  exposure.  Although  this  mechanism  of  j 

interaction  Is  consistent  with  the  in  vitro  results  in  the  model  systems  inves¬ 
tigated,  the  differences  in  the  exposure  conditions  in  the  iii  vivo  and  iji  2fij:£o 
studies  preclude  a  direct  comparison  of  those  results  at  this  lime*  The  coiulftiv'ns 
for  the  in  vivo  EMP  exposure  are  such  that  the  pvilru*  duration  c<inn(;t  he  varied 


and  the  field  strength  cannot  be  varied  independently  of  the  pulse  repetition 
rate.  The  ^  vitro  Investigations  of  model  membrane  systems  can  be  used  to 
define  the  conditions  for  the  induction  of  transient  alterations  in  membrane 
permeability  but  the  application  of  such  findings  to  an  assessment  of  jrx  vivo 
effects  in  mammalian  systems  will  require  the  use  of  an  exposure  facility  with 
greater  flexibility  thsan  that  presently  available. 
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Append!::  I  Field  Induced  in  a  Sphere  by  an  Electric  Field  Pulse 


As  a  first  step  in  the  calculation  ve  calculate  the  field  Induced  in  a 
sphere  by  an  A.C.  Field.  The  nodel  is  the  following,  a  sphere  of  conductivity 
^  and  dielectric  constant  e  2  lobedded  in  a  medium  of  conductivity  q  ^  and 
dielectric  constant  e  A  uniform,  harmonic  electric  field  of  frequency  CO  is 


applied.  Ve  will  find  the  electric  field  at  all  points  in  the  sphere. 

"  conductivity  in  region  i. 


OC1X2 


■  permitlvity  in  region  1. 
a  ■  sphere  radius 


Far  away  from  the  sphere  the  electric  field  is  E  *  £©6^  Z  or 

1)  4>  (X)  — E  ^  Z  — r  cose 


This  is  one  boundary  condition. 

The  second  boundary  condition  is  the  equality  of  the  normal  components  of 
the  total  current  J.  «  J2n  on  the  sphere  boundary,  were  is  the  nomal 

component  of  J  in  region  1.  In  terms  of  o  and  E  this  condition  is 

2)  (Ti  ■  CT^  E2n  on  the  sphere  boundary,  where  E^n  »  normal  component  of 
E  in  region  1.  The  last  boundary  condition  is, 

3)  E]^^  ■  £2^  on  the  sphere  boundary,  where  E^^  is  tangential  component  of 
E  in  region  1.  We  have  assumed  no  sources  of  charge  or  current  in  the  volume 


of  Interest  so  that 


V  •  J  total  -  7  •  [^oE  +  e  (-IrO  *0 


Since  E  is  harmonic  we  have  )  *  J  ^E,  so  that 


y  *  ?■  0 


I  -  1 


If  we  cao  neglect  the  vector  potential  A's 


In  general  E  • 

at 

contribution  (l.e.,  |J  uA|«/|7*4f  )  we  have 
4)  . 


lAlch  Is  Laplace's  equation.  In  spherical  coordinates  4)  Is 


where  r, 0  ,  and-<^  are  the  usual  spherical  coordinates.  Separating  variables 
so  that  $  (r,0  >  i)  *  f  (r)  P  (Qi)  X(^)  gives  the  solution  In  terns  of 
the  spherical  harmonics. 

n;»0 

where  An>iii  and  B_  _  are  constants  to  be  determined,  and  T*"  are  the  spherical 

**  **  UfO  It 

harmonics.  Since  we  have  axial  symmetry  there  Is  no  ^  dependence  and  only 
the  m  ■  0  terms,  C^®*^  •  1,  resialn  In  (5)<and  Y®  ■  P^  (cos6  ),  where  P^^  (cosQ) 

Is  the  Legenendre  pol}momlal  .  Now  we  write  a  general  solution  of  ^  In  regions 
1  and  2.  In  region  1  as  r-^co  ,  ^  E^r  cosO  ■  Eo>^72,  (cosO  ) . 

Thus  the  most  general  solution  in  region  1  Is 

6)  $  *  E  TCC60  •+•  /  Ct,  T  f^(cosO),  where  '  are  constants 

n*o 

to  be  determined.  In  region  2,^  must  be  finite  for  r  ■  0,  thus 

cfr"P„(c*)se^ 

I1»0 


Mow  we  use  the  boimdary  conditions) Eqs.  2)  and  3) 

A  Cl  ± 

where  r,  B  andO  are  the  unit  vectors  In  the  spherical  coordinate  system. 


X  -  2 


Thu«  E 
n 


,  where  E^  |ii 


and  ^ 

^  TSin0  o<p 


Since 


0  we  have 


Instead  of  continuity  of  E^  we  can  use  continuity  of  ^  as  the  second 
boundary  condition.  Both  lead  to  the  resiilt  above  that  at  the  boundary,  where 


r  •  a. 


7)  -E^a  +  ^ 


8)  cf  ^  -  cf 


2n 

9)  C_  -  a“ 


+  1  ^ 

+  1  Cn  ,  n>  2 


(1) 


(2) 


Since  the  potential  is  arbitrary  to  a  constant,  we  set  C.  ■  0,  C  «  0. 


Now  using  2)  and  the  fact  that  P  's  are  ortho  goxial  gives 

10)  -  <y,  EEo  -  2.cf«c®]”  =  -  cf 


Coasting  9)  and  11)  gives 
-  0,  n>  2 


n  n 
He  rewrite  7)  and  10)  as 


*  XI)  3^C2)  ^  ,  3 

7)  Cj^  -  s’’Cj^  ■  +  EgS'' 


Oi 


-E, 


1-3 


k 


From  7'),  -  a  -  E^a^.  Substituting  in  10*)  gives 

=  E, 

(i+oi/a.^cf  =3E„ 

cf-  a?(q‘“+0  » 

■t^f^)EoTC(G9 


Thus  inside  the  sphere 


E-=  V.[^ 

rCS'.Y-lS.  \r  4 


In  gMieral^^-^ond  +  iu£-  O'^ond  ■*■  ^^€,'€0.  ■  dielectric  constant  in  MRS 


units. 


— % 

So  «•  can  make  the  replacement  .  or  by  factoring  jCOS  we  have 

fft- *  jwe^c* 


,«)  .1^ 


=C|^ 


2£X+£Y 
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That  Is,  Inside  a  sphere  in  a  uniform  harmonic  electric  field  we  have 
g  (sphere)  .  (  3  \  p  t 

is  the  complex  dielectric 
constant  of  the  external 
^  medium. 

^  is  the  complex  dielectric  con¬ 
stant  of  the  sphere. 

If  the  external  medium  is  air 


If  the  frequency  is  sufficiently  low 


ie.  the  fields  inside  end  outside  the  sphere  are  90  out  of  phase  and 

U)  ,<»'<•">  .  E, i  %. 

-2  ^1  — 

For  biological  tlssue^2^  -  cm  si  ndio  -  m 

e,- (a&ITxIo'^T^-fafods/nr,  =  9xlo''*-faroas/m 


whare  f  is  tha  fraquancy  in  Hertz. 


-2  -1 

Thus  for  a  sphere  of  biological  tissue  of  conductivity  10  mho-cm  in  a 
unlfon  hazmonie  astamal  field  Ege^^^,  the  field  in  the  sphere  is  approximately 

where,  2  *  unit  vector  in  the  Z  direction  and 


This  1=  the  result  obtained  by  Schvan  (39) 

Using  the  general  expression  in  equation  (11)  we  can  derive  the  field  Induced 
by  a  pulse  by  using  the  technique  of  Fourier  analysis.  For  a  harmonic 
variation  in  the  external  field  Eq  ((a)  ,t)  the  field  induced  in  the  sphere  is 

where  4,-  is  a  constant  dependent  on  the  conductivity  of  the  sphere » 

Ve  can  consider  the  to  be  the  Fourier  components  of  a  complex  wave  -  e.g. 

a  pulse>  in  which  case  the  field  induced  in  the  sphere  is  given  by  the  Fourier 


in-egral 


00 

Ett)  =  dto 

o 

EXt)=  ^E,Ct) 


This  Is  the  x  component  of  a  similar  expression  derived  by  Guy  for  an 
electromagnetic  pulse  (^0). 
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APPENDIX  II  Physical  Characteristics  of  Transient  Electrical  Field  Cell  Exposure 


The  physical  characteristics  of  the  apparatus  used  in  this  study  for  the 
exposure  of  erythrocytes  to  pulses  conductive  electrical  may  be  used  to 
determine:  1)  the  energy  E  and  power  P  dissipated  in  the  cell  sample  volume 
per  piilse»  2)  maximum  temperature  rise  per  pulse  A6.  and  3) , the  time  during 
a  given  pulse  that  the  voltage  to  which  the  cells  are  exposed  Is  above  a  given 
critical  value. 

The  parameters  of  the  exposure  system  may  be  designated  as  follows: 

a)  pulse  circuit  charging  time  constant  ='1'^  =  R^C 

b)  pulse  circuit  discharge  time  constant  =  R^C 

c)  imterpulse  duration  ™  T 

d)  pulse  repetition  rate  =  f  =  T”^ 

e)  sample  voltage  *  V  =  V  exp  (-t/Tp) 

f)  volume  of  cell  suspension  in  exposure  chamber  v 

where  R^  is  the  resistance  of  the  charging  circuit  as  shown  in  Figure  2,  C  is  the 

capacitance  of  the  energy  storage  capacitor,  Rs  is  the  sample  resistance,  and 
is  the  energy  storage  capacitor  (C)  voltdge  at  discharge. 

1)  The  total  energy  delivered  to  the  sample  per  pulse  is  given  by 


.V^TjzR, 


(II-l) 


Typical  vlaues  for  the  parameters  in  this  study  are  :  ■  1.6KV,  »  6jJLsec, 

3 

R,  "  lOOXi,  and  v  ■  0.2  cm  . 

The  energy  delivered  to  the  sample  per  pulse  is  thes  E  ■  0.38  J/cm^  or 
0.092  cal/cm^  and  the  dissipated  power  P  -  E/T  ,  where  T  is  the  pulse  duration 
which  may  be  assumed  equal  tonTi).  Thus  P  <■  64.  KW/cnv* 

2)  The  maximum  temperature  rise  for  a  6/4  sec  pulse  calculated  by  assuming  a 

% 

specific  heat  of  the  cell  euspension  of  1  cal/gm^C  and  a  density  of  1  gm/cm 
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Is  thus  tB  “  0.092®C.  Since  the  average  energy  absorbed  by  the  sample  is 

direr:."  proportional  to  the  pulse  duration  (T),  a  pulse  of  duration  less  than  6ja 

'asulc  in  a  temperature  rise  of  less  than  0.092°C. 

---*  between  pulses  depends  upon  the  power  supply  voltage  (Vp)  and  the 

capacitor  discharge  voltage  (Vg).  Assuming  that  the  pulse  duration  Tls  snail 

crnpared  to  the  Interpulse  duration  T,  the  following  relationship  may  be 

% 

used  to  determine  T, 

▼c  “  (-T/Tc)  ]  V 

thus 

T  -  -Tc  In  (1-Vc/Vp).  (II-2) 

Since  Vj.  -  1.6  S’.”  and  Vp  »  2KV,  T  -  1.6  %  *  1.6  R^C. 

The  average  power  dissipated  in  the  sample  during  T  is  thus 

P  -  E/T  -  /3.2Rg.  (II-3) 

lae  average  pover  thus  depends  only  upon  the  discharge  voltage  and  the 
charging  resistance  Letting  -  1.6  KV  and  -  10®JC1.  ,  P  -  8  mW/cn^  or 

if  a  sample  density  of  Ig/ca^  is  assumed,  the  average  power  is  8  mW/gm. 

3)  The  average  tine  t^  that  the  voltage  applied  to  the  cell  suspension  is  greater 
than  a  given  value,  for  the  exposure  system  used  in  this  study  may  be  calculated 
a  knowledge  of  the  voltage  waveform. 

Vo  -  Vce"^o/TD 

Solving  for  t  yields 
o 

to  -  T'd  (Vc/Vo  )  (II-4) 

The  average  time  F  the  voltage  is  above  V^  in  the  case  of  repetitive  pulsing 
is  given  by  to  -  Rs  In  CVc/Vo)/(l.6  R^.^  (11-5) 

Since  Rg,  Rg,  and  Wq  are  held  constant  in  this  study,  the  average  duration  the  cell 
sample  voltage  exceeds  a  given  critical  value  Vo  is  independent  of  the  pulse 
decay  time. 
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APPENDIX  III  Calculation  of  the  Voltage  across  Cell  Membranes  Produced  by  an 
External  Electric  Field. 

As  discussed  In  the  text*  the  charging  time  constant  for  the  capacitance 
of  a  cell  membrane  Is  the  same  as  the  relaxation  time  constant  measured 
in  dielectric  dispersion  studies.  Given  that  the  response  of  the  membrane  voltage 
to  a  step  change  In  the  external  electric  field  Is  an  exponential  change  with 
tlac  constant  ve  can  use  the  concepts  of  the  transfer  function  and 
Laplace  transform  (41)  to  determine  the  membrane  voltage  for  an  arbitrary  applied 
field  pulse.  We  will  first  calculate  the  membrane  transfer  function  and  then 
use  the  transfer  function  to  calculate  the  membrane  voltage  for  an  applied 
field  which  Is  an  exponentially  decaying  pulse. 

The  transfer  function  H(S)  Is  defined  In  the  transformed  domain,  S,  by 

H(S)  -  — R-Cgl-  ,  (III-3) 

I  (S) 


where  I  (S)  Is  the  Input  and  R(S)  Is  the  response  In  the  transformed  domain. 

If  l(t)‘and  r(t)  are  the  Input  and  response  In  the  time  domain  then 
r(t)  -  L“^  (I(S)  H  (S)), 
irtiere  Is  the  Inverse  Laplace  transform. 

The  voltage  across  the  cell  membrane  at  points  on  the  membrane  where  the 
voltage  Is  a  maximum  Is  related  to  a  tinlform  D.C.  electric  field  Eg  as  follows 
(38). 

V||  *  PjSjEq,  (111*2) 


where  Fj  Is  a  dimensionless  form  factor  specific  for  a  given  cell  shape  and 
orientation  relative  to  the  field  and  aj  Is  the  semi-major  axis  of  the  cell 
perellel  to  the  external  field.  This  result  and  those  to  follow  are  exact 
only  in  the  ease  of  an  Infinitely  dilute  suspension  of  cells.  However,  related 
theories  have  been  shown  to  be  accurate  to  within  a  few  percent  for  solid 


spheres  In  a  concentration  of  36Z  (43)  and  to  give  good  agreement  %nth 
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expericer.c  for  suspensions  of  u=if ora  spherical  cells  near  total  packing  (44) . 
The  results  should  apply  quite  well  to  the  experiments  of  Rlemann  et  al.  (23) 
In  which  the  cell  concentrations  were  IZ  -  lOZ. 

For  a  step  change  of  we  have 

r(t)  -  V^(t)  -  Fj  aj  Zg  (1  -  exp  C-t/Tg)).  (II1-3) 

Using  a  table  of  Laplace  transforms  In  Ref.  42  we  find  that  for  a  unit  step 
change  i(t)  we  have 


I(S) 


Ind 


rnus  H(S) 


-1 


R(S)-Fjajls(l+\S)3 

R(S)/I(S)  =  (1  +  TjjS) 


(IH-4) 


If  the  inpuc  is  nov 
i(t)  =  Eo  exp  (-t/To). 


teen 


r(s)  =  EjpCi+TpS) 


rl 


(III-5) 


In  ertlng  4)  and  3)  in  Eq.  1)  gives  the  voltage  across  the  membrane 

V„(t) = T(« = ] 

The  fM-ifiTOm  value  of  V^Ct)  Is  found  to  be  at  a  time  t^av  given  by 


rl 


-TpTrMTp/TrVTp-Tr)' 


The  wv<tnnni  value  of  VQ(t)  Is  then 


(III-6) 


(II1-7) 


III  -  a 


4 


c 


Som  useful  limits  ere 


% 


^  ^^(0  =  FjajEo 

jUVma')  =  FiajE,(Tp/T„^ 

Tp-^0 


»F;a.jE,e' 
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